Abstract. This paper analyzes the spatial characteristics of mass balance change on the Qinghai-Tibet Plateau and surrounding areas, using 153 monthly solutions of temporal gravity data from the Gravity Recovery and Climate Experiment(in this case GRACE) satellite. Spatial mode characteristics and phase information of mass balance change 10 are analyzed using complex principal component analysis(in this case CPCA). Information on time-frequency change of major components is analyzed using the wavelet amplitude-period spectrum. The results show that the mass balance change on the plateau is influenced by various atmospheric circulations and there are obvious systemic differences, namely, glacial fluctuation of the Himalayas area was mainly influenced by the weakening Indian monsoon, El Niño and East Asian monsoon. There were drastic changes of glacier mass gain and loss balance. Apart from the Indian 15 monsoon and El Niño affected on mass balance in inland areas of the plateau, the northern parts of the plateau was also affected by the westerlies and there was a positive mass balance, with mass gain exceeding loss. The Pamirs and the Karakoram Range areas are influenced not only by the Indian monsoon and westerlies but also by the climate change of El Niño and La Niña, and mass change shows a weak mass balanced. The major influence on the change of mass balance on the Qinghai-Tibet Plateau was the weakening Indian monsoon, which was responsible for 54.0% of that 20 change. Because El Niño is strengthening, it has recently become the second major factor affecting the change of mass balance, responsible for 16.3% of that change. The third major influence was the westerlies and of La Niña-related climate change, accounting for 5.6% of the mass balance change.
In this paper, the 153 approximately monthly gravity solutions from the GRACE Release 05 data have been used to 80
reproduce the spatial change of mass balance on the Qinghai-Tibet Plateau. Then, the main components and its corresponding spatial modes and time variation of the mass balance in this area are studied by using the complex principal component analysis technique. The period of each principal component and its time evolution are also studied by using the wavelet amplitude-period Spectrum Analysis in order to explore the possible reasons for the spatial difference of mass balance in the Qinghai Tibet Plateau. It is very helpful for us to understand the respond 85 relationship of mass balance to climate change in this region, and is of great significance to assess the potential impacts of glacier melting on water resources, ecology and environmental disasters.
Data
The variation of earth's gravity field reflects the redistribution of mass inside the earth. Over a short time (compared with geologic time), it can be regarded as mass transfer of the earth's surface and shallow fluid. GRACE, which was 90 jointly developed by America and Germany, has been successfully operating for over 10 years. Its monthly gravity solutions have been able to reflect the changes of 1-mm geoid fluctuation in 300-km spatial scale and can be used to monitor gravity field variations caused by the change of hydrology and cryosphere, earthquakes and glacial isostatic adjustment (Ramillien et al., 2006; Chen et al., 2007; Chen et al., 2008; Velicogna, 2009; Rignot et al., 2011) .
The time-varying gravity model used in this paper is the Release-05 (RL05) solutions provided by the Center for 95 Space Research (CSR), University of Texas at Austin. The 153 approximately monthly GRACE gravity solutions cover the period January 2003 through September 2015 (~12 solutions are missing), each of which consist of normalized spherical harmonic (SH) coefficients, to degree and order 60. The main improvements in the new products are the mean gravity model and corrections of various new tide models. Some processing algorithms and parameters have also been improved, regarding alignments between the star camera data rate, accelerometer, and K-band system 100 (Bettadpur, 2012) . Compared with previous data, the RL05 gravity solutions substantially reduced the stripe noise.
However, filtering is still necessary to suppress high-degree and order terms error. In our study, the smoothness priors method (Tarvainen et al., 2002) was used to remove stripe noise in GRACE data.
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Equivalent Water Height 105
According to Wahr et al., [1998] , surface mass change can be expressed in the form of surface equal water height (EWH) as
where e  is average density of the earth, a is the equatorial radius, and w  is water density. Parameter  is colatitude,  is latitude, and (cos ) 
CPCA
For the CPCA, a complex observation sequence should first be constructed, which is different from the PCA. For a time varying observation vector ( ) j u t , its Fourier expansion is:
In this expansion, j stands for the location of the observation point, t is the observation time, and  is the Fourier frequency. Its complex form is ( ) ( )
Here, 
Wavelet Amplitude-period Spectrum Analysis
Mass balance on the Qinghai-Tibet Plateau is under the influence of climate change, and exhibits unsteady 145 quasi-periodic change. After the temporal change series of principal components in the area are obtained, the time-varying changes of the periods and amplitude (energy) should be analyzed. Here, we use the wavelet amplitude-period spectrum to analyze its time-frequency information, and choosing Morlet wavelet (Morlet et al., 2012) as the basic wavelet. The wavelet amplitude-period spectrum reflects the time-varying amplitude and period of each periodic term (or standardized periodic term). This means that in this spectrum, the location of extreme points 150 corresponds to the instant period of a periodic signal (or quasi periodic term) at that moment, whereas the extreme point value corresponds to the instantaneous amplitude of a certain period signal at that moment. The wavelet amplitude-period spectrum of a time sequence f(t) is defined as
where 2 2 2 0 0 0
Here, the kernel function ( ) t  is the real part of the Morlet wavelet,  is a constant, and 0  is the frequency parameter. we can see that mass balance on the Qinghai-Tibet Plateau has two major change characteristics, namely, a large 160 negative signal with mass decrease around the southern edge of the Plateau (Himalayas and its southern region) and a positive signal with mass increase in inland areas of the plateau. However, in the Pamirs region, mass variation had no obvious trend. Here, we analyzed mass variation in the area during 2003-2015 using CPCA in order to analysis the reasons for mass change. Table 1 shows the corresponding eigenvalues of the first five principal components and their contribution percentages to mass change in this area. We took the example of the first three principal components for 165 explanation and description. According to table 1, the result from CPCA analysis of the mass variation in Qinghai-Tibet plateau shows that the eigenvalues of the first, second and third principal components are respectively The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -259, 2016 According to the spatial phase information, we conclude that the third spatial mode is mainly affected by the westerlies and La Niña phenomenon, whose influence can be divided into three branches. One branch moves to north beyond the Karakorum Mountains and enters Tarim Basin, and then reaches to the eastern Qinghai Plateau. Another branch moves to east beyond the west Himalayas and enters into the Qiangtang Plateau, then it meets the East Asian monsoon at 225 90°E area and is obstructed. The third branch goes southward along the Himalayas and influences northern India. The westerlies are weak in the south and strong in the north, so a clear northeast-southwest boundary of force range (blue line in Fig. 5a ) is formed in the inland part of the Qinghai-Tibet Plateau.
Mass change and its CPCA analysis

Discussion
Mass Change of Mass in Inland Qinghai-Tibet Plateau 230
In the inland part of the Qinghai-Tibet Plateau, there are three obvious mass increase regions, the Qiangtang Plateau (E area), middle and east of the Kunlun Mountains (F area), and Qinghai Plateau (G area). Their respective annual increases were 4.5, 5.5 and 3.5 GT, much smaller than the 30 GT of Yi et al. (2014) . Many scholars have conducted related research in an attempt to explain the reason behind mass balance change in the region.
Mass balance of the Inner Tibet Plateau (ITP) derived from GRACE data showed a positive rate that was attributable 235 to glacier mass gain, whereas those glaciers from other field-based studies showed an overall mass loss. For example, Jacob (2012) deduced the glacier mass balance using GRACE data, finding a mass increase rate of 7 Gt yr (2013) studied 53% of the total lake area on the plateau using ICESAT satellite data, finding a mass increase rate of 4.95 Gt yr -1 . They suggested that the increased mass measured by GRACE was largely due to 245 increased water mass in lakes. If this rate holds true for all lakes, the total mass variance rate is +8.06 Gt yr -1 according to the area ratio. However, glacier melting into lakes, itself, should not increase the overall mass and may decrease the The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -259, 2016 Manuscript under review for journal The Cryosphere Published: 21 November 2016 c Author(s) 2016. CC-BY 3.0 License.
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mass because a portion of the melted water would be lost through evaporation or discharged to rivers that leave the Tibet Plateau.
Yi et al. (2014) indicated a relatively large mass rate change in this area, and explained this change through glacier 250 change, lake water levels, geologic structural processes, and frozen soil. They stated that according to model calculation, the change of inland water storage was −3.3 Gt yr -1 . The change of negative balance of weakening glacier mass has been confirmed (Bolch et al., 2010 , Bolch et al., 2012 , Yao et al., 2012 . According to the calculation and estimation of Zhang et al. (2013) , the increase of lake water is 8.1 Gt yr -1 , and the effect of tectonic movement (simple Bouguer correction) is 0-13 Gt yr -1 . The effect of other factors is close to zero. However, we believe that geologic 255 structural processes are slow. Further, we still lack enough observation data of mass balance states in the interior part of the earth in the study region. Thus, the exact Bouguer equilibrium correction requires more scientific data for confirmation.
The effect of soil freezing on mass change in the inland plateau is weak, because the terrain there is flatter than at the plateau edge. The inland area contains numerous lakes and wetlands, which is conducive to the convergence of fluid. 260
Moreover, when water melts and is lost from frozen soil, soil porosity definitely increases, which captures more water during rainy periods.
Based on the results of our work, we tend to believe that rainfall is the main reason for the mass increase in the study region. Data indicate strong evidence that precipitation on the ITP over the past several decades has greatly increased (Yao et al., 2012; Global Precipitation Climatology Project or GPCP, www.esrl.noaa.gov/psd/data/gridded/ 265 data.gpcp.html ). Influenced by El Niño, moist air moves westward to the inland plateau through the eastern Himalayas and Qinghai, which brings rainfall to the inland and causes rainfall accumulation in plateau lakes and wetland areas. Moreover, the increase of temperature (Qin et al., 2009) accelerates glacial melting in this area. This glacier melting water enters lakes through runoff. It also explains why onsite observation data of glaciers indicate slight shrinkage, and GRACE observations indicate the reason for mass increase. 270
Mass Changes of Glaciers in Himalayas Region
The mass reduction rate of glaciers in the entire Himalaya mountain region is 14 Gt yr The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -259, 2016 Manuscript under review for journal The Cryosphere Published: 21 November 2016 c Author(s) 2016. CC-BY 3.0 License.
The results of CPCA analysis indicate that the Himalayas and its southern portion are mainly affected by the Indian 275 monsoon climate, and the intensity of this monsoon is weakening. This is consistent with the conclusions of Wu (2005) . A weakening Indian monsoon brings less humid air to the study region, causing interannual rainfall decreases.
The GPCP rainfall data confirm this. The eastern Himalayas are also affected by El Niño. Glaciers in this area are of a marine type, which mass has large inputs and outputs and is strongly affected by changes of marine climate.
We estimate that the mass loss in northwestern India (H area) is −13.6 Gt yr 
Conclusion
Mass change on the Tibetan Plateau and surroundings varies systematically from region to region. Specifically, the 305
Himalayas region had the greatest negative mass balance and the continental interior of the plateau had a positive signal with mass increase, whereas the Pamirs had a weak negative mass balance. The main cause of the systematic mass change was the variation of rainfall, which mainly results from changes in four different atmospheric circulation patterns over the Qinghai-Tibet Plateau and surroundings, i.e., the weakening Indian monsoon, strengthened westerlies, El Niño, and La Niña. Their contributions can explain approximately 74% of mass change on the 310
Qinghai-Tibet Plateau.
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